Purpose The standard of care for treating patients with pancreatic adenocarcinomas includes gemcitabine (2 0 ,2 0 -difluorodeoxycytidine). Gemcitabine primarily elicits its response by stalling the DNA replication forks of cells in the S phase of the cell cycle. To provide a quantitative framework for characterizing the cell cycle and apoptotic effects of gemcitabine, we developed a pharmacodynamic model in which the activation of cell cycle checkpoints or cell death is dependent on gemcitabine exposure. Methods Three pancreatic adenocarcinoma cell lines (AsPC-1, BxPC-3, and MiaPaca-2) were exposed to varying concentrations (0-100,000 ng/mL) of gemcitabine over a period of 96 h in order to quantify proliferation kinetics and cell distributions among the cell cycle phases. The model assumes that the drug can inhibit cycle-phase transitioning in each of the 3 phases (G1, S, and G2/M) and can cause apoptosis of cells in G1 and G2/M phases. Fitting was performed using the ADAPT5 program. Results The time course of gemcitabine effects was well described by the model, and parameters were estimated with good precision. Model predictions and experimental data show that gemcitabine induces cell cycle arrest in the S phase at low concentrations, whereas higher concentrations induce arrest in all cell cycle phases. Furthermore, apoptotic effects of gemcitabine appear to be minimal and take place at later time points. Conclusion The pharmacodynamic model developed provides a quantitative, mechanistic interpretation of gemcitabine efficacy in 3 pancreatic cancer cell lines, and provides useful insights for rational selection of chemotherapeutic agents for combination therapy.
Introduction
Pancreatic adenocarcinomas are malignant tumors that are associated with poor prognosis despite aggressive surgical and chemotherapeutic intervention. The standard of care for patients with these tumors is based on gemcitabine, which is a cytidine analog that is incorporated into DNA during replication in the S phase of the cell cycle [1] . Gemcitabine incorporation results in inactivation of DNA polymerases, cell cycle arrest, and eventually apoptosis [1] . However, the efficacy of gemcitabine remains modest against the highly resistant pancreatic adenocarcinomas [2] .
Gemcitabine enters cells via nucleoside transporters and is deaminated by cytidine deaminase to form difluorodeoxyuridine (dFdU). dFdU is subsequently phosphorylated to form dFdUTP, which is incorporated into DNA. Alternatively, gemcitabine is phosphorylated initially by deoxycytidine kinase to form the monophosphate and subsequent phosphorylations result in the formation of the triphosphate metabolite, dFdCTP. Because of its structural similarity with deoxycytidine triphosphate, dFdCTP is incorporated into DNA during replication [3] .
Gemcitabine exerts its activity primarily by inducing cell cycle arrest and cell death [4, 5] . The precise molecular mechanisms determining tumor cell responses to gemcitabine, and the impact of mechanistic interactions with other chemotherapeutic agents, remain to be elucidated. An improved understanding of the effect of gemcitabine on tumor cell cycle dynamics and apoptosis may provide insights into optimization of dose scheduling, rational selection of other chemotherapeutic agents for combination therapy, and ultimately improvement of treatment efficacy.
Pharmacodynamic models describing the effects of cell cycle-specific and non-specific chemotherapeutic agents have shown that efficacy depends on the fraction of proliferating cells, as well as on dose and exposure time [6] [7] [8] . Subsequent models that integrate the effect of chemotherapeutic agents on tumor cell progression through successive phases of the cell cycle have been utilized to provide a mechanistic interpretation of tumor cell growth kinetics following drug exposure [9] [10] [11] [12] . Building upon previously reported models, we adopted a cell cycle-structured framework and extended it to incorporate pharmacological relationships governing the activation of cell cycle checkpoints that result in cell cycle arrest and cell death. The model is fitted to data obtained for cell proliferation and cell cycle distribution during gemcitabine exposure of three lines of pancreatic adenocarcinoma cells in vitro.
Materials and methods

Materials
Gemcitabine hydrochloride was purchased from Sequoia Research Products (Pangbourne, UK). Stock concentrations of 10 mg/mL in sterile, double-distilled water were stored at -20°C until use.
Cell lines
Human pancreatic cancer cell lines AsPC-1, BxPC-3, and MiaPaca-2 were purchased from American Type Culture Collection (Manassas, VA). AsPC-1 and BxPC-3 cells were cultured in RPMI 1640 (Invitrogen, Carlsbad, CA) supplemented with 10 % fetal bovine serum (Cellgro, Manassas, VA), 4 mM L-glutamine, and 1 mM sodium pyruvate (GIBCO). MiaPaca-2 cells were cultured in DMEM (Invitrogen) supplemented as with the other cells. Cells were cultured at 37°C in 5 % CO 2 and a humidified atmosphere.
Cell growth assay
Cells were suspended in culture medium at a concentration of 1 9 10 4 (AsPC-1) or 2 9 10 4 cells/mL (BxPC-3 and MiaPaca-2), and 1 mL of cell suspension was added to each well of a 24-well plate. Cells were allowed to attach for 18 h before treatment with a wide range of gemcitabine concentrations (0-100,000 ng/mL) to obtain full pharmacologic response profiles. Sterile double-distilled water was used as the vehicle control. Cells were counted at 24, 48, 72, and 96 h using a Coulter counter (Beckman Coulter, Brea, CA). To avoid any effects that are not specific to gemcitabine, care was taken to avoid confluence and cells were harvested in the exponential growth phase. At designated time points, cells were washed twice with PBS to remove dead cells and resuspended in 1 mL of Dulbecco's phosphate-buffered saline (PBS) containing 0.025 % EDTA to promote cell detachment. Triplicate wells were counted for each drug concentration.
Flow cytometry
Propidium iodide (PI) staining (Sigma-Aldrich, St. Louis, MO) was performed to determine the cell cycle-phase distribution based on DNA content. Cells were seeded in 24-well plates as described above. BxPC-3 and MiaPaca-2 cells were incubated with 0, 0.1, 1, or 100 ng/mL gemcitabine, whereas AsPC-1 cells were incubated with 0, 10, 1,000, or 10,000 ng/mL. Cells were harvested in the exponential growth phase at 0, 24, 48, 72, and 96 h. At each time point, cells were washed with PBS and fixed in 70 % ice-cold ethanol. Cells were centrifuged at 3009g for 6 min at 4°C, and the cell pellet was washed twice with PBS and then stained for 15 min at room temperature in the dark with 20 lg/mL PI in PBS containing 0.1 % (v/v) Triton X-100 (Bio-Rad Laboratories, Hercules, CA) and 0.2 mg/mL RNase A (Qiagen, Valencia, CA). Analysis was performed with a FACScan flow cytometer (BectonDickinson, Mansfield, MA). Cell cycle distributions, generated by CellQuest (Becton-Dickinson), were imported into ModFit software (Verity Software House, Topsham, ME) to quantify the fraction of viable cells in each phase of the cell cycle. Triplicate samples were used for every time point. The number of subG1 events was quantified in CellQuest as an indication of the number of apoptotic events.
Mathematical model
A compartmental model was used to follow the distribution of cells among the various phases of the cell cycle (Fig. 1) . Each compartment represents a phase of cell cycle; however, G2 and M phases were combined as they are indistinguishable by DNA content in flow cytometric analysis. First-order rate constants (k 1 , k 2 , and k 3 ) reflect rates of transition among consecutive phases. Cell cycle arrest in each of the phases is modeled as the activation of phase checkpoints that inhibit transitions among phases and are governed by three pharmacologic functions: f g , f s , and f m . In addition, cells in G1 and G2/M phases may commit to apoptosis as a result of drug exposure, which is treated as a second-order process, with rate constant k d . The balance of cells in each compartment is represented with:
The initial conditions in Eqs. Experimental quantities of interest include the total number of viable cells (C tot ), calculated as the sum of the first three model compartments, and the total number of viable cells in each compartment, calculated for various time points and drug concentrations by multiplying the total number of viable cells by the fraction of cells in each phase (X G1 , X S , X M ), as determined by flow cytometry:
The effects of drug on cell cycle checkpoint activation and hence cell cycle arrest were modeled with saturation equations. In addition, the maximum effect constant was assumed to be equal to one for each checkpoint; thus, f g , f s , and f m are a function of the drug concentration (C gem ) and the cycle-phase sensitivity parameters (IC50 g , IC50 s , and IC50 m ). The cell death rate constant, k d , is assumed to depend upon drug concentration and number of viable cells in G1 and G2/M phases. Thus,
In the absence of drug, model Eqs.
(1-4) reduce as follows with the same initial conditions:
Model Eqs. (12) (13) (14) were fitted to growth curves and cell cycle distributions of untreated cells to determine the transition rate constants (k 1 , k 2 , and k 3 ) that govern the growth of each cell line. These parameters were set as constants in the full model in Eqs. (1) (2) (3) (4) . The model parameters (IC50 g , IC50 s , IC50 m , and k d ) were fitted to growth curves and cell cycle distributions of drug-treated cells using the maximum likelihood estimation algorithm in ADAPT5 [13] . A constant and proportional model was used to parameterize error variance. Model simulations were run in MATLAB (Mathworks, Natick, MA) using the ode15s solver.
Results
Pancreatic adenocarcinoma cell responses to gemcitabine
The AsPC-1, BxPC-3, and MiaPaca-2 cell lines were exposed to a wide range of gemcitabine concentrations (0-100,000 ng/mL) for up to 96 h. Gemcitabine was found to inhibit the growth of all cell lines in a concentrationdependent manner (Fig. 2) . At lower concentrations (0.1 and 1 ng/mL), BxPC-3 and MiaPaca-2 cells continued to proliferate at a reduced rate. At higher concentrations (C100 ng/mL), proliferation ceased at 24-48 h. The AsPC- Table 1 Cancer Chemother Pharmacol (2013) 72:553-563 555 1 cell line was less sensitive compared to the other cell lines and continued to proliferate at 10 ng/mL. AsPC-1 proliferation ceased at C10,000 ng/mL. By 72-96 h, there was a net loss of cells to numbers lower than the initial cell number at time zero for BxPC-3 and MiaPaca-2 ( Fig. 2b , c). AsPC-1 cell counts did not decrease below the initial values, even at the highest drug concentrations (Fig. 2a) . The inhibition of cell proliferation results from the cyclephase-specific effects of gemcitabine metabolite incorporation into DNA during S phase [1] . Gemcitabine elicits its response through activation of cell cycle checkpoints, cell cycle arrest, and eventually cell death [4, 5] . To monitor the effects of gemcitabine on cell cycle progression, cells were exposed to a range of drug concentrations that produced low, moderate, and strong effects on cell proliferation, and the cell cycle distribution was monitored at 24, 48, 72, and 96 h after initiation of drug exposure. Figure 3 shows data for BxPC-3 cells, which is representative of the three cell lines. For low and moderate concentrations of gemcitabine, there was a transient accumulation of cells in S phase (Fig. 3a, c) , which was dose-dependent. For high drug concentrations, cell cycle progression was minimal for all cycle phases, at all observation times (Fig. 3e) , and for all of the cell lines compared to the distribution observed at 0 h (the initiation of drug treatment) and to untreated controls that were evaluated at each time point (not shown). Diminished cell progression through all cycle phases at the highest drug concentration indicates that cell cycle checkpoint activation can occur in all phases and is not specific to S phase only. The results also suggest that lower concentrations of gemcitabine induce cell cycle arrest in the S phase, whereas total arrest of cell cycle progression in all phases is produced at high drug concentrations. Figure 4 demonstrates the overall agreement between the fitted and observed BxPC-3 cell culture data. The values distribute well about the line of identity indicating the reasonable quality of model fitting.
Cell cycle model
Cell cycle models have been used previously to describe the effects of chemotherapeutic agents on cancer cell lines, predict dose and exposure regimens to maximize drug efficacy [14, 15] , and to distinguish cell cycle arrest versus cell killing in concentration-response curves [16] . We hypothesized that the effects of gemcitabine upon cellular proliferation and cell cycle checkpoint activation in pancreatic adenocarcinoma cells could be represented with a cell cycle-structured model (Fig. 1) .
For the sake of model parsimony, the effect of drug on each of the cell cycle checkpoints and on cell death is represented with a one-parameter equation. Four In terms of cell death, the cumulative number of dead cells as a function of time and drug concentration shifts, at later times, from a plateau to linear with increasing values of IC50 s (Fig. 5a, b) . The reason for this effect is that the number of cells in G1 and G2/M (i.e., cells undergoing death) is lower with a lower value for IC50 s . This result suggests that arrest in S phase could act as a shield against cell death and thus contributes to drug resistance, and is consistent with reports linking increased chemotherapy Fig. 3 Cell cycle-phase distributions of BxPC-3 exposed to a 0.1 ng/mL, c 1 ng/mL, and e 100 ng/mL gemcitabine for up to 96 h. b, d, and f show the corresponding number of cells per well in each cycle phase (squares-G1, triangles-S, circles-G2/M) and the model fittings (lines)
resistance with increased efficiency of cell cycle arrest [17] [18] [19] . Increasing the value of k d results in a shift from a linear increase in the number of dead cells with time ( Fig. 5c ) to a constant value, at later times, in which a plateau results from the depletion of cells from G1 and G2/ M (Fig. 5d) . Increasing drug concentration also contributes to the shift from linear increase in the number of dead cells with time to a constant number (Fig. 5b) . The effects of checkpoint activation parameters and cell death are reflected in the total number of viable cells. With high drug concentrations and high values of k d , growth curves are slightly concave downward, and cell counts fall to numbers lower than the initial number at time zero because of cell killing. However, despite high drug concentrations, low values of k d result in a flat growth curve and cell numbers do not fall below initial values (not shown). This prediction from simulation with the model is also consistent with the concept that cells are protected from cell death at high drug concentrations (Fig. 5d ) because of arrest in S phase.
Model comparison with experimental results
The profiles simulated with the model of cell proliferation and cell cycle-phase distribution in response to low and high drug concentrations appear similar to experimental data obtained from exposing the pancreatic adenocarcinoma cell lines to low and high concentrations of gemcitabine. In order to obtain a quantitative estimation of the effect of gemcitabine on cell cycle checkpoint activation and death, data for cell proliferation and cell cycle distributions in the presence of varying concentrations of drug were fitted to the model. A single set of parameters (IC50 g , IC50 s , IC50 m , and k d ) jointly characterized the ensemble of data for each cell line. Experimental data were captured well in terms of drug concentration and time course (Figs. 2, 3b, d, f) .
For all cell lines, the analysis suggested that the value of IC50 s was markedly lower than for IC50 g and IC50 m , indicating higher sensitivity of the S phase checkpoint to gemcitabine compared to the G1 and G2/M checkpoints (Table 1) . Furthermore, estimated values of the overall IC50 for cell growth inhibition were significantly higher for AsPC-1 cells compared to the other cell lines, in agreement with experimental data: after 72 h of exposure to varying concentrations of gemcitabine, the IC50 for growth inhibition was *50 ng/mL for AsPC-1, compared to 0.24 ng/mL for BxPC-3 and 3.75 ng/mL for MiaPaca-2 (data not shown).
The estimates for k d were very low with high coefficients of variation, indicating that gemcitabine exposure had minimal effect on cell death, the rates of cellular proliferation, and on the distribution of cells among the cell cycle phases. To test these model predictions experimentally, the effect of gemcitabine on apoptosis of pancreatic cancer cells was measured experimentally for the three cell lines with various drug concentrations and varying times after initiation of drug exposure. The fraction of cells in subG1 is an indication of cells undergoing apoptosis: cells display hallmark changes including chromosomal fragmentation and diminishing DNA content. For BxPC-3 and MiaPaca-2 cells, subG1 populations exhibited trends similar to model simulations when k d values were very small (Fig. 5c) ; under such conditions, low drug concentrations produced baseline levels of dead cells and higher drug concentrations resulted in linear increases in dead cells with time (Fig. 6b, c) . The AsPC-1 cell line showed no significant increase in the fraction of apoptotic cells, even at the highest concentration (Fig. 6a) . This finding is in agreement with cell growth data, which shows that BxPC-3 and MiaPaca-2 cells (Fig. 2b, c) exhibit depletion of cells at higher drug concentrations and later time points, and the proliferation curves appear concave downward, whereas AsPC-1 cells exhibit no decrease in cell numbers and proliferation curves are flat at the highest drug concentrations (Fig. 2a) .
Discussion
Pharmacodynamic models describing the effect of chemotherapeutic agents on tumor cells have been described previously. Many have been structured on cell cycle dynamics [9-12, 14, 15] and the cell cycle-phase specificity of the agent of interest [7, 8] . These models captured the effect of chemotherapeutic agents as a change in the rate parameters governing transitions among the successive phases of cell cycle or cellular elimination. Cell death and cell cycle arrest have been incorporated in subsequent models through simple pharmacological equations to ascribe mechanistic interpretations to the drug effects [16] . The effect of cell cycle arrest previously has been lumped into a single parameter without distinguishing the effects of chemotherapeutic agents on the individual cell cycle checkpoints.
In the current work, we investigated the effects of drug exposure on the activation of cell cycle checkpoints leading to cell cycle arrest and apoptosis. In the final model, cell cycle arrest was assumed to take place in each phase of the cell cycle, but with varying sensitivities. In addition, apoptosis was assumed to initiate in the G1 and G2/ M phases, which is in agreement with experimental results showing that DNA damage delays cells in S phase, rather than causing a sustained arrest [20] . In the model developed, apoptosis was assumed to be the primary mode of cell death and the model structure was based on the relationship between G1 and G2/M checkpoint activation and apoptotic pathways [21, 22] .
We fitted the model to pooled (i.e., without averaging) cell cycle distribution and proliferation data collected every 24 h for a total of 96 h after exposure to multiple concentrations of gemcitabine in order to gain a quantitative assessment of the checkpoint sensitivities of pancreatic adenocarcinoma cells. The 24-h sampling frequency is shorter than the cell cycle time of the panel of cells in this study, 30 h for MiaPaca-2 to 60 h for AsPC-1 cells, and allowed for estimating cell cycle transition parameters with good precision in the case of no-drug treatment as well as with drug exposure. The effect of gemcitabine on cell cycle checkpoint activation was represented as a saturable process without cooperativity (Eqs. 9-11) and cell death was represented as a second-order process. A single set of parameters was fit to the ensemble of data for each cell line. While there are some features of the data-for example, overprediction of cells in S phase (Fig. 3d) -that are not captured by the model, the combined concentration and time dependencies are fitted well. Model parameters were estimated with good precision (Table 1) , with the exception of IC50 m for AsPC-1 cells. Poor precision for this parameter is probably due to the slow cell cycle kinetics and prolonged stagnation of cells in G2/M relative to the sampling interval. In addition, k d was estimated with poor precision for all cell lines due to the minimal effects of gemcitabine on cell death during the time span of the experiment. Several model structures for representing cell death were investigated, in which cells were allowed to undergo apoptosis from all compartments with a single k d value, a different k d value for each compartment, different k d values for the G1 and G2/M compartments, an additional exponential term (to account for increased cell death at later time points), or no death terms at all. In all cases and for all cell lines, the present model minimized the AIC [23] score. Interestingly, and in agreement with the observed drugmediated apoptotic behavior (Fig. 6a) , the ''no death'' model performed best for AsPC-1, which was experimentally the most drug-resistant line. However, the remaining parameter estimates obtained for all 3 cell lines were not significantly different between the various models. Thus, we chose the final model for its consistency in modeling data for multiple cell lines, and the fact that it appears to be more realistic physiologically. Interestingly, the value of k d derived for all cell lines suggests that cell death by apoptosis is not the primary mode of action of gemcitabine.
Gemcitabine has been shown to induce S phase cell cycle checkpoint activation as a result of DNA damage and stalled DNA replication forks [24] . In mammalian cells, replication stress during S phase results in phosphorylation of ATM (Ataxia Telangiectasia Mutated) kinase and subsequent activation of the Chk1 and Chk2 protein kinases, which ultimately results in cell cycle arrest [25] . In addition, the activation of Chk1 and Chk2 signaling pathways activates G1 and G2/M checkpoints [17] [18] [19] 25] . Consistent with prevailing concepts, gemcitabine was found to induce G1, S, and G2/M checkpoint activation in pancreatic cancer cells through the activation of Chk1 and Chk2 pathways, which results in Cdc25A (cell division cycle 25 phosphatase) degradation and cell cycle arrest [26] . In agreement with our results, Cappella et al. showed that gemcitabine induced transient S phase arrest in ovarian cancer cells at low and moderate concentrations, whereas higher concentrations resulted in total cessation of cell cycle progression [4] . Similar results were obtained with gemcitabine in bladder and lung cancer cells [27] .
In addition to its effects upon the cell cycle, gemcitabine has been shown to induce caspase-3-mediated apoptosis [28] . Consistent with our results, the apoptotic effect was more evident at later time points (72 and 96 h), as evidenced by increased subG1 cell populations [4, 5, 28] . The modest apoptotic effect of gemcitabine on pancreatic cancer cells could be attributed to intrinsic resistance of Values of k 1 , k 2 , and k 3 were obtained by fitting Eqs. 12-14 to untreated cells; remaining parameters were obtained by fitting Eqs. 1-4 to drugtreated cells these highly aggressive tumors, especially given that many survival pathways such as NFjB, K-ras, and MAPK are constitutively activated in these cells [29, 30] . Mechanistic pharmacodynamic models incorporating the molecular and cellular characteristics of tumors are becoming increasingly relevant to decision making for personalized cancer treatment. The traditional in vitro pharmacological characterization of chemotherapeutic agents ignores the dynamics of cellular proliferation and cell cycle effects. In the context of gemcitabine, cell cycle checkpoint activation could be viewed as a mechanism of cellular defense against the apoptotic effects of the drug, such that cell cycle progression is arrested so that DNA damage may be repaired before proliferation resumes. In agreement with this notion, several studies have shown that combination of gemcitabine with agents that abrogate cell cycle checkpoints enhances gemcitabine cytotoxicity significantly, by forcing the cells into mitotic catastrophe [26, [31] [32] [33] [34] [35] . The model presented here could be utilized to inform selection of the correct agent and dosing schedule for combination with gemcitabine or possibly other DNA damaging agents. For example, the model suggests that with low and moderate concentrations of gemcitabine, the use of agents that override G1 or G2/M checkpoints (e.g., MK-1775) may not improve efficacy, whereas an agent that abrogates S phase checkpoint inhibition (e.g., UCN-01) could be more beneficial.
In a similar vein, the model presented here could be extended to highlight interesting dosing regimens for gemcitabine monotherapy. For instance, cells synchronized in S phase are more susceptible to gemcitabine cytotoxicity [36] . In theory, an initial ''priming'' low dose of gemcitabine, which synchronizes cells in S phase, can increase the efficacy of subsequent doses, whereas a high initial dose may arrest cell cycle progression completely, without sufficient cell kill, and ultimately decrease efficacy. This reasoning is in agreement with studies in preclinical [37] as well as clinical settings [38, 39] elaborating the increased efficacy and decreased toxicity of low and more frequent gemcitabine exposure in comparison with the conventional high and less frequent exposure.
The model developed here makes simplifying assumptions that are inherent to in vitro studies, e.g., that cells are treated as a homogenous population and there are no-drug perfusion limitations. In vivo, however, tumors are heterogeneous populations of cells having varying degrees of sensitivity to any given chemotherapeutic agent. In addition, drug penetration and tumor deposition clearly is an important factor in determining treatment efficacy, as shown by studies that have correlated the efficacy of gemcitabine in pancreatic cancers with the degree of stromal elaboration in these tumors [40] . To apply the model developed here to gemcitabine-based therapy in vivo, mechanistic models can be incorporated that account for cellular heterogeneity in drug responsiveness as well as tumor perfusion [41, 42] , so as to provide a more comprehensive evaluation of tumor response to chemotherapy. Such integrated models will allow for testing treatment options in silico as a prelude to preclinical testing of personalized cancer therapies. 
